Abstract-This paper proposes a new mobile handset antenna structure to reduce the value of the specific absorption rate (SAR). The antenna is based on the PIFA structure and operates at dual-bands of 0.9 GHz and 1.8 GHz. The chassis current is reduced using a metallic shim-layer inserted between the patch and chassis. This shim-layer is connected to the handset chassis through posts whose number and positions are determined using optimization techniques. Sidewalls are attached to increase the gain of the antenna and reduce the radiation towards human head. Simulations in the cheek mode show that the SAR reduction factor (SRF) of the proposed structure averaged over 10-g is more than 75% at 0.9 GHz and 46% at 1.8 GHz. The SRF values obtained using simulations and measurements are found to be better than 51% and 76% at 0.9 GHz and 1.8 GHz, respectively.
INTRODUCTION
Mobile cellular telecommunications services are becoming widely spread around the world. Mobile handsets are often used in the vicinity of the human head. The continuous growth of wireless mobile services has forced the worldwide mobile handset manufacturers to consider the mutual interactions between the mobile terminals and human antenna ground plane on SAR values [20] . It is found that the sidewall can noticeably reduce the SAR values.
In this paper, a new structure for reducing SAR values is investigated. The study is based on simulations performed under SEMCAD-X environment [21] , and experimental measurements of SAR values achieved using DASY5 system [22, 23] . Since the electrical properties of the human head is frequency dependent, the dispersive model of the human head is incorporated in order to accurately predict the antenna behavior in the vicinity of the human head. The proposed antenna structure is presented in the following section, followed by the dispersion model calculations in Section 3. Simulation and experimental results along with discussions are presented in Section 4. Concluding remarks are presented in Section 5.
ANTENNA STRUCTURE
The proposed antenna is a PIFA with a modified ground structure designed to reduce the SAR values. In order to investigate the effect of the modified structure, two dual band antennas are designed. The first structure is the basic PIFA as shown in Figures 1(a) and 1(c), while the second antenna is the proposed PIFA with the modified ground structure, shown in Figures 1(b) and 1(d) . The patch configuration of both antennas is kept the same. However, the first antenna is designed using a flat ground structure while the second one is designed with a new ground structure. Both antennas are designed to operate at 0.9 GHz and 1.8 GHz. The patch is placed 10 mm above the chassis. The total dimension of the patch is 25 mm×26.5 mm and the dimension of the chassis is 40 mm × 80 mm. Coaxial probe is used to feed the antenna. The shorting pin of 2 mm diameter is located 1 mm far from the coaxial probe.
Figures 1(b) and 1(d) show the geometry of the antenna with the proposed ground structure. An additional thin metallic shim-layer is inserted between the patch and the chassis and placed 3 mm from the chassis as shown in Figure 1(d) . This layer behaves as a new ground of the PIFA. Five conducting posts are used to connect the chassis and the intermediate shim-layer. The number and positions of the posts are determined using the optimization tool in SEMCAD-X, which is described in [24] . A total of five posts are implemented, where four posts are placed at the corners, while the fifth one is located at its center. In addition to the shim-layer, three conducting sidewalls are attached at the free sides of the antenna as shown in Figure 1(b) , where the height of the sidewalls is 15 mm. 
DISPERSIVE MODEL
SEMCAD-X simulation tool enables the user to calculate SAR values caused by the antenna radiation. SEMCAD-X is based on the FDTD method and is specialized in SAR computation. The human tissue parameters are frequency dependent. Therefore, dispersive material model should be considered to simulate the human head phantom. The relative permittivity of the human head decreases as the frequency increases and the electric conductivity increases as the frequency increases. The relative permittivity and electric conductivity of the human head tissues is achieved using Lorentz model [21] , which is accurate in simulating dispersive materials. The dispersive material properties are achieved, using the dispersive material optimizer in SEMCAD-X. In this dispersive material optimization process, IEEE standard 1528 [25] for dielectric properties of human head is used as the reference to get the dispersion equation. Figure 2 shows the dispersive material properties used in the simulation. The error between the dielectric properties of human head in the IEEE standard 1528 and simulation is found to be approximately 3%. 
RESULTS AND DISCUSSIONS
The two designed antennas are simulated in cheek mode to investigate the effect of the proposed structure to the antenna performance in the vicinity of human head. In the cheek mode, the chassis of the antenna fully touches the cheek of the head model. The antenna-head position in this mode is shown in Figure 3 .
Return Loss Measurements
The simulated and measured return losses of the basic antenna structure are shown in Figure 4 . The measurements are performed by ANRITSU network analyzer 37369C. Simulating liquids of the human brain are used to investigate the human effect on the antenna return loss. The results show that the resonant frequencies of the basic antenna structure without human head model are 942 MHz for the first band, and 1913 MHz for the second band. The 6 dB bandwidths in free space of this antenna are 36 MHz for the first band and 180 MHz for the second band. When the basic antenna structure is placed in the cheek mode, the resonant frequencies become 920 MHz for the first band and 1896 MHz for the second band. The bandwidth of the first band and second band is increased to 43 MHz and 211 MHz, respectively. The figure clearly shows that the human head has a strong influence on the basic antenna structure. Figure 5 shows the simulated and measured return loss of the antenna with the proposed ground structure. The resonant frequencies of the antenna with the proposed ground structure for the first 
Current Distribution
It is known that the chassis can be considered as a part of resonating element that contributes to the radiation to human head. Therefore, the intermediate layer is introduced to the basic antenna structure to reduce the current flowing on the chassis. Figure 6 shows the current distributions of the basic antenna structure and antenna with the proposed ground structure. It is clearly shown in Figure 6 that the proposed structure greatly reduces the current flowing on the chassis. Table 1 summarizes the simulation results of the basic antenna structure and antenna with the proposed ground structure. The gain and radiation efficiency of both antennas are tabulated in the absence of the human head and in its vicinity. A study of these numbers reveals that the new ground structure minimizes the effect of the human head to the radiation efficiency and gain. Namely, in the vicinity of human head, the radiation efficiency and gain of the basic antenna structure is noticeably decreased because of the power absorbed by human head. For example the gain at 900 MHz is decreased from +1.75 to −1.08 dBi due to the human head. On the other hand, the radiation efficiency and gain of the antenna with the proposed ground structure is only slightly decreased, indicating a lower absorbed power in the human head. Table 2 compares the SAR simulation results for the basic antenna and the antenna with the proposed ground structure in the cheek mode. The delivered power in this simulation is 0. 
Simulated Gain, SAR and Radiation Efficiency Results

The Radiation Pattern
The simulated radiation pattern of the total field of basic PIFA and the proposed antenna structures are shown in Figures 7 and 8 . Total field is considered, since the polarization purity is not a big concern in mobile application [26, 27] . In the simulation, the head is positioned in the positive Y -axis as shown in Figure 3 . The X and Z axes correspond to the width and length of the PIFA, respectively. Figure 7 shows the radiation pattern in the X-Y plane. The head lies at ϕ = 90 • of the X-Y plane. The figures plot the simulated radiation patterns at the two resonances of the antenna in free space and in the presence of human head. Good omnidirectional radiation in the X-Y plane is seen for the basic antenna structure at both resonance frequencies in free space. The peak antenna gain of the basic antenna structure and antenna with the proposed ground structure in free space (in the X-Y plane) is 1.67 dBi and 0.77 dBi at 0.9 GHz and 1.81 dBi and 1.75 dBi at 1.8 GHz, respectively. These gain values are computed in the X-Y plane while, the overall antenna gain is indicated in Table 1 .
In the presence of human head, the radiation patterns of both structures are affected due to energy absorption by human head. The peak antenna gain of the basic antenna structure and antenna with the proposed ground structure in the presence of human head is −1.15 dBi and 0.12 dBi at 0.9 GHz and −0.47 dBi and 1.33 dBi at 1.8 GHz. This shows that, effect of the human head to the basic antenna structure is greater than the antenna with the proposed ground structure. Another important observation here is that, relative to the basic antenna, the radiation towards the head (along Y ) is much less affected by the human head for the proposed antenna. This means that the head absorbs considerably less power for the proposed antenna than is the case with the basic antenna. Figure 8(d) , where little power is found to be absorbed and the radiation pattern is reshaped at 1.8 GHz. The gain is thus increased even above the case with no human head present as shown in Table 1 .
Experimental Versus Simulation Results
Since the designed antennas are fed using coaxial probe, it is not practically possible to place the PIFA in cheek mode as shown in Figure 3 . Therefore, the antennas are inclined by about 30 • to give space to the connector as shown in Figure 9 . Therefore, in this design, tilt mode seems appropriate for this practical characterization as shown in Figure 9 . In this mode, only top and bottom part of the left side of the chassis touch the human head model. The SAR measurement is performed using DASY 5 SAR measurement system. The system depends on a robot to position the SAR probe inside the human head phantom. The human head phantom is filled with a liquid with dielectric properties selected based on IEEE standard 1528, which are ε r = 41.5 and σ = 0.97 S/m for 0.9 GHz and ε r = 40 and σ = 1.4 S/m for 1.8 GHz. Measured and simulated SAR values are shown in Table 3 at the 900 and 1800 MHz bands for the basic antenna and the antenna with the proposed ground structure. The RF power delivered to the antenna is continuous and set at 0.5 W and the SAR values are given as the maximum 1 g and 10 g average. It is seen that for maximum 1 g averaged SAR, the measured SAR reduction factor (SRF) is 51.7% at 0.9 GHz and 76.7% at 1.8 GHz.
For maximum 10 g averaged SAR, the measured SRF is 48.1% at 0.9 GHz and 74% at 1.8 GHz.
The measured SAR value for GSM applications should be divided by the crest factor of 8.3 to account for the small period of transmission corresponding to one out of 8 time slots (bursts). In this case the actual SAR values will be very small with respect to the allowed levels and less than most of the commercial mobile handset. As shown in the table, simulations and measurements are in very well agreement. It has to be noted that, the maximum SAR Reduction Factor (SRF) [18] using ferrite sheet is 57.75% at 1.8 GHz. The maximum SRF obtained by using R-card attachment at 0.9 GHz is 64% [19] . Therefore, the new ground structure proposed in this paper is a promising design for the new generations of low SAR mobile phones.
CONCLUSION
A low SAR mobile terminal antenna is designed, simulated, and fabricated. Three vertical sidewalls are attached to the antenna to increase the gain and reduce the radiation towards human head. An additional layer is also inserted between the patch and the chassis to reduce the current flowing on the chassis. The increased gain and reduced current flowing on the chassis decreases the radiation toward the human head and so reduces the SAR value. Simulations and measurements agree well and show that the SRF of the proposed structure is more than 48% at 0.9 GHz and more than 74% at 1.8 GHz. More effort is still needed in order to overcome some challenges such as the insufficient matching and bandwidth. Size reduction is valuable for modern communication terminals. Reducing the overall height will reduce the antenna bandwidth, and more investigation is currently directed towards reducing the size, while maintaining attractive SRF.
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